The physical organization of the DNA in the macronuclei of Tetrahymena thermophila was investigated by using alternating-orthogonal-field gel electrophoresis. The genome consisted of a spectrum of molecules with lengths ranging from less than 100 to in excess of 1,500 kilobase pairs. There were about 270 different macronuclear DNA molecules, with an average size of about 800 kilobase pairs. Specific genes were mapped and were generally found on macronuclear DNA molecules of the same size in different strains of T. thermophila. This indicates that the molecular mechanisms giving rise to the macronuclear DNA molecules were precise. The fragmentation process that gave rise to macronuclear DNA molecules occurred between 11 and 19 h after the initiation of conjugation.
Ciliates possess two different types of nuclei in a common cytoplasm. Tetrahymena thermophila has one micronucleus and one macronucleus in each cell. The micronucleus is diploid and functions primarily as a germ line nucleus, with no gene expression during vegetative growth. The macronucleus is responsible for virtually all gene expression and has about 12 times the DNA content of the micronucleus (28; C. F. Brunk and R. E. Bohman, Exp. Cell. Res., in press). Although the macronucleus has a greater DNA content, its sequence complexity is 15 to 20% lower than that of the micronucleus (31) .
During conjugation, the sexual phase of the life cycle, the old macronuclei degenerate and new macronuclei are derived from the zygotic micronuclei. Thus, during macronuclear development, some of the sequences present in the micronucleus are eliminated from the macronuclear genome. An examination of developing macronuclei indicates that this elimination occurs at an early stage of development (1, 4) .
The genome in the micronucleus is organized into 5 chromosomes that are segregated by mitosis during micronuclear division (21) . The macronucleus divides amitotically without chromosome condensation. This amitotic segregation of the genome in the macronuclei leads to random distribution of alleles. Eventually, one allele at each locus is lost while the other allele is fixed (17) . This process, which is referred to as phenotypic assortment, constitutes a conundrum. If the alleles are randomly assorted and eventually alleles are lost, it would be expected that loci would also be lost causing aneuploidy and cell death. Measurement of the viability within cell lines indicates that cell death is much lower than would be expected from the rate of phenotypic assortment (16, 19) . A knowledge of the physical organization of the macronuclear genome is important for an understanding of the process by which the macronuclear genome is maintained.
In the past there has been a controversy as to the size of macronuclear DNA. Viscoelastic measurements suggested that macronuclear DNA molecules are of the size range expected for full-length micronuclear DNA molecules, approximately 4 x 107 base pairs (27) . Estimates of the sizes of macronuclear DNA molecules based on sedimentation velocity have been in the 600-kilobase-pair (-kb) range (15, 19 More recently, indirect evidence has suggested that there are a large number of macronuclear DNA molecules which require molecular size ranges substantially smaller than those for full-length micronuclear DNA molecules (32) .
The macronuclear DNA in several of the hypotrichous ciliates has been studied in detail and has been found to be gene sized, averaging only a few kb in length (13, 20) . The macronuclear DNA molecules in the holotrichous ciliate Glaucoma chattoni have a wide range of lengths from over 100 to only a few kb (12) .
We have used alternating-orthogonal-field (AOF) gel electrophoresis to examine the size range of macronuclear DNA molecules from T. thermophila. This technique can be used to analyze linear DNA molecules up to several thousand kb in length (7, 22) . We found that macronuclear DNA molecules have a broad range of sizes from less than 100 to over 1,500 kb. (26) . Gels were incubated in 100 mM NaOH for 60 min, rinsed in distilled water for 30 min and dried on a gel drier with heat (about 60°C). Hybridization probes were prepared as described previously (4) . Prehybridizations, hybridizations, and washes were carried out as described by Maniatis et al. (14) . Autoradiography was performed with Kodak XAR film and Cronex Lightning-Plus (Du Pont Co.) intensifying screens at -70°C.
MATERIALS AND METHODS

RESULTS
T. thermophila cells were starved 15 to 20 h in 10 mM Tris to reduce the cytoplasmic volume and were cast into slabs of low-melting-temperature agarose. The cells in these slabs were lysed in situ and analyzed by AOF gel electrophoresis. The intact chromosomal DNA of Sac charomvces c erev'isiae was used as a molecular size marker. An ethidium bromidestained AOF gel, containing DNA from four different inbred strains of T. thermophila as well as a yeast marker, is shown in Fig. 1 . It can be seen that the DNA was separated into a spectrum of molecular sizes by AOF gel electrophoresis. The smallest yeast band appears to be a double-stranded RNA molecule about 4 kb in length (23) . The next largest yeast band is chromosome 1, which is about 260 kb in length (7) . The sizes of the DNA molecules ranged from less than 100 kb to larger than the biggest yeast DNA band, which is about 1,800 kb (22) .
The DNA molecules of T. thermophila formed a relatively continuous spectrum of sizes rather than a discrete set of molecular sizes as can be seen for the yeast chromosomal DNA. Within this spectrum of DNA molecules, there was a distinct pattern or profile of prominent bands. The four different inbred lines of T. thermophila shown in Fig. 1 have been maintained under laboratory conditions for many years, which amounts to thousands of generations and numerous independent conjugations. In addition to the different inbred lines, several strains of inbred line B were also analyzed on AOF gels. Some of these strains are the progeny of different caryonides from a single conjugation. Finally, several T. thermophila strains collected from the wild that have been maintained without inbreeding were also analyzed. Very similar profiles were observed in all of the preparations of DNA from different strains of T. thermophila. This is an indication that the molecular sizes observed by AOF gel analysis reflected the native sizes of the DNA molecules and were not artifacts of the AOF gel analysis.
If the molecules separated on the AOF gels were native molecules, then a specific DNA sequence would have been expected to be localized on a molecule of unique size. Alternatively, if the spectrum of molecular sizes resulted from random cleavage of the DNA, then a specific DNA sequence would have been expected to be found in molecules having a wide variety of sizes. We used the T. thermophila histone H4 I gene and several kb of flanking sequence (2) as a probe to determine whether the spectrum of DNA molecules was native or an artifact of isolation. T. thermophila has two histone H4 genes, These genes have some homology within their protein coding regions but are not homologous in the flanking regions. Thus, the histone H4 I gene with its flanking regions provides a probe for a unique gene. When an AOF gel was hybridized with labeled histone H4 I probe, a single prominent band with a size of 520 kb showed homology (Fig. 2) . The histone H4 I probe hybridized strongly with a single DNA molecule of similar size in all of the strains of T. thermophila tested. This indicates that the molecular size observed on the AOF gels represented the size of the native DNA molecules.
When an AOF gel was hybridized with labeled probe that contained primarily the coding region of the histone H4 I gene and little of the flanking region, a second band appeared with a size of about 1,000 kb (data not shown). This weaker hybridization probably represented the histone H4 II sequence.
A similar AOF gel analysis has been performed by using the presumptive actin gene from T. thermophila as a probe (C. Cupples and R. Pearlman, unpublished data). The entire cloned sequence, including the region coding for the actin gene along with substantial flanking material, was used as a probe. In this case hybridization was with a macronuclear molecule about 1,500 kb in length. This probe also showed homology with macronuclear DNA molecules of similar size from several different strains of T. thermophila (data not shown).
The spectrum of DNA molecules observed on AOF gels probably represented macronuclear DNA because 80 to 90% of the cellular DNA is of macronuclear origin. The micronuclear genome contains a number of repetitive sequences that are absent from the macronucleus (5, 30) . When one of these micronucleus-specific sequences, the 5), was used as a probe for hybridization with an AOF gel, virtually all of the hybridization was found in the well or in the first band immediately below the well (data not shown). The DNA in the well was apparently too large to enter the gel, and the first band immediately below the well represented the limit of resolution for the AOF system. Molecules that entered the gel but were too large to be resolved were found at this position. This DNA represented the largest macronulcear molecules and broken micronuclear DNA. Most of the micronuclear DNA did not enter the gel, and that which did was too large to be resolved. Therefore, the spectrum of DNA molecules observed in AOF gel analysis was of macronuclear origin.
Small DNA molecules were best resolved by using short switching times for AOF gel analysis. An ethidium bromidestained AOF gel which was run with a switching time of 7.5 s is shown in Fig. 3 . There are two prominent bands at the bottom of this gel, the smallest of which is in the size range expected for ribosomal DNA (rDNA). The rDNA in T. thermophila is an extrachromosomal 21-kb palindromic molecule (9, 11) . The larger of these two bands has a size expected for mitochondrial DNA, which is a 55-kb linear molecule in T. thermophila (24 A profile of the molecular sizes of the macronuclear DNA molecules was produced by scanning an ethidium bromidestained AOF gel with a recording microdensitometer. This profile was proportional to the mass of the DNA resolved on the AOF gel. Intact yeast chromosomal DNA molecules were displayed on the same AOF gel and provided molecular size markers. The sizes of the molecules in the profile were determined by extrapolation from the yeast chromosomal DNA molecules of known size (7). The profile was divided into intervals such that less than 10% of the total DNA mass on the AOF gel was contained within any interval. For this analysis the mitochondrial DNA and rDNA molecules were excluded. A numerical integration of each interval of the profile was performed, and this value was presented as a fraction of the total DNA mass on the AOF gel. This fraction was then multiplied by the genome size and divided by the average molecular size for DNA molecules in the interval. Such an analysis is depicted in Fig. 4 . Assuming that each macronuclear DNA molecule is present in a similar number of copies, this type of analysis estimates the number of macronuclear DNA molecules found within the interval. Five independent profiles were analyzed in this manner; the estimated total number of macronuclear molecules was 270 + 23. This estimate was based on the assumption that the macronuclear DNA molecules resolved on the AOF gels were a fair representation of the native molecules found in the macronucleus. If a substantial number of DNA molecules had been too large to enter the gel or the very large macronuclear molecules had been grossly underrepresented, this estimate would have been biased toward overestimating the number of macronuclear molecules. Actually, the estimate was relatively insensitive to this possibility since over 60% of the molecules were smaller than 1,000 kb and the yield of the yeast chromosomes in this size range indicated a faithful representation.
This estimate of the macronuclear molecule sizes indicates that the average macronuclear DNA molecule was about 800 kb in length. The profile also shows that over 50% of the DNA mass was in molecules less than 900 kb long, while over 50% of the molecules were shorter than 700 kb. There were macronuclear molecules as large as these AOF gels are capable of resolving (about 2,000 kb) and probably some macronuclear molecules that were too large to enter the gel.
The profile of macronuclear DNA molecules with sizes below 1,000 kb showed considerable overlapping, producing a continuous spectrum of bands. In the region above 1,000 kb, some of the molecules overlapped producing composite (intense) bands, while some of the macronuclear DNA molecules may have formed individual bands.
The rDNA molecules of T. thermophila terminate in a C4A2 repeating sequence that has been shown to function as a telomere (3, 25) . It has been found that the majority of the C4A2 sequences in the macronuclear DNA of T. thermophila are located at or near the ends of molecules (5, 32) . We have used C4,A2 as a hybridization probe for macronuclear DNA molecules separated on an AOF gel. The profile from such a hybridization matches the profile of the ethidium bromidestained gel, except for the mitochondrial DNA band (data not shown). This indicates that most of the macronuclear molecules contain C4A2 sequences. We were unable to detect any C4A2 sequences on the mitochondrial DNA molecules of T. thermophila.
During the process of macronuclear development after conjugation, the chromosomal DNA of the developing macronuclei is fragmented into macronuclear molecules.
The best-studied example of this process is the removal of the rDNA gene from an integrated site in the left arm of chromosome 2 (29) . The rDNA becomes a palindromic linear molecule 21 kb in length and is amplified extensively. This reorganization occurs early during macronuclear development, beginning at about 11 to 12 h after the initiation of conjugation (18) . The reorganization of the bulk of the macronuclear genome may occur at the same time as the rDNA reorganization; however, the extensive amplification and palindrome formation appear to be unique to the rDNA molecules. The mechanism responsible for rDNA reorganization may be different than the mechanism responsible for the reorganization of the bulk of the macronuclear genome.
In addition to the cleavage of the DNA molecules in the developing macronuclei, specific sequences are eliminated from the macronuclear genome. This elimination of sequences occurs during a relatively short period between 12 and 14 h after the initiation of conjugation (1, 4) . The elimination of these specific sequences may occur via the same mechanism responsible for the cleavage of the macronuclear DNA or by a separate mechanism. The time during macronuclear development at which the macronuclear DNA is cleaved would be of interest.
Two different mating types of T. thermophila were starved for 20 h and then mixed to induce synchronous conjugation (6) . During conjugation and macronuclear development, the old macronuclei of the parental cells do not engage in DNA replication and eventually degenerate (8) . Thus, label introduced into the cells during conjugation will go primarily into the micronuclei and the developing macronuclei, and little if any label will be incorporated into the old macronuclei (10) . When conjugating cells were labeled during the early portion of conjugation and AOF gel analysis was performed 11 h after the initiation of conjugation, only very large DNA molecules, characteristic of the micronuclear DNA, were labeled. An autoradiogram of such DNA is shown in Fig. 5 . Most of the labeled DNA at 11 h was confined to the well, and that labeled DNA entering the gel was found in the first band immediately below the well, which represented the limit of resolution for the AOF gel system. An analysis of DNA isolated at 19 h after the initiation of conjugation is also shown in Fig. 5 . At 19 h, the labeled DNA had a spectrum of sizes characteristic of mature macronuclear DNA molecules. Additional time points were analyzed, and the spec-903 VOL. 6, 1986 trum of labeled DNA characteristic of macronuclear molecules first appeared between 12 and 16 h after the initiation of conjugation (data not shown). Often, autoradiograms of AOF gels containing DNA samples prepared between 11 and 19 h showed little band structure, as though the DNA had been degraded.
DISCUSSION
The macronuclear DNA of T. therinophila was physically organized as a spectrum of molecular sizes ranging from less than 100 to over 1,500 kb. The average macronuclear DNA molecule was 800 kb in length. Based on the distribution of sizes, it is estimated that there are about 270 macronuclear DNA molecules. Unique DNA sequences were found on molecules of unique size, indicating that the spectrum of molecular sizes reflected the native organization of the macronuclear DNA, rather than being an artifact of the isolation procedure.
In general, DNA sequences were found on the same sizes of macronuclear DNA molecules in different strains of T. thermophila. This indicates that the genome reorganization process occurring during macronuclear development was very precise. If cleavage of the DNA into macronuclear molecules had been random, then different inbred lines and the different progeny from different caryonides would have been expected to display specific sequences on differentsized macronuclear molecules. The regularity observed implies that the reorganization was precise and maintained a stable conformation during extended vegetative propagation.
A good deal of evidence suggests that the C4A2 sequences in the macronuclei of T. the1mophila function as telomeres (3, 25) . It has been reported that the majority of macronuclear C4A2 sequences occur at or near the ends of DNA molecules (32 The specific cleavage of the macronuclear genome into macronuclear molecules occurred between 11 and 19 h after the initiation of conjugation. This coincided with the time at which rDNA molecules are excised and become palindromic (18) . It was also the time at which micronucleus-specific sequences are eliminated from the macronuclear genome (1, 4) . The reorganization of the rDNA involves cleavage of the genome and the production of new telomeres. This process has been referred to as type I reorganization (C. F. Brunk, Int. Rev. Cytol., in press). A substantial portion of the elimination of micronucleus-specific sequences occurs by a different mechanism in which the sequences flanking the eliminated sequences are rejoined so that no new telomeres are created. This type of reorganization has been referred to as type II reorganization (C. F. Brunk, Int. Rev. Cytol., in press). Apparently, both types of reorganization occur within the same short period of time during macronuclear development.
The general cleavage of the genome into macronuclear DNA molecules and the excision of the rDNA molecules occur at the same time during macronuclear development and may share common molecular steps. However, the rDNA molecules are converted into a palindromic structure after they are excised (18) . There is no evidence that the macronuclear molecules are palindromic; thus, the formation of palindromic molecules may be an additional step unique to the rDNA molecules.
Between 11 and 19 h after the initiation of conjugation, there is a great deal of nuclear activity in the cells. There is extensive genome reorganization in the developing anlagen during this time period (1, 4) , and the old (parental) macronucleus degenerates with the degradation of its DNA. This high level of enzymatic activity may hamper the isolation of intact macronuclear molecules during this period of macronuclear development.
These data clearly indicate that the macronuclear genome was physically organized into several hundred DNA molecules. These macronuclear DNA molecules ranged in size from less than 100 to in excess of 1,500 kb. The role of this extensive alteration in the physical state of the macronuclear DNA during anlagen development is unclear, but it is likely to be related to the unusual genetic properties of this nucleus (17) .
